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a b s t r a c t
We present a new multislice code for the computer simulation of scanning transmission electron microscope (STEM) images based on the frozen lattice approximation. Unlike existing software packages,
the code is optimized to perform well on highly parallelized computing clusters, combining distributed
and shared memory architectures. This enables eﬃcient calculation of large lateral scanning areas of the
specimen within the frozen lattice approximation and ﬁne-grained sweeps of parameter space.
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1. Introduction
Since the early 1980s scanning transmission electron microscopy (STEM) has evolved into an indispensible tool for the
structural analysis of thin crystalline specimen [1]. Using highangle annular dark ﬁeld (HAADF) detectors, chemically sensitive
scattering of the focused electron probe can reveal valuable information about the sample, such as chemical composition, strain
ﬁelds, thicknesses, etc [2–5]. In order to extract quantitative information from STEM images, however, often it is still necessary to
compare measured data to computer simulations of the interaction
between incident electron beam and the specimen.
Attempts to simulate such electron-specimen interaction numerically go back to the mid-1970s, when Goodman and Moodie
[6] ﬁrst implemented the multislice algorithm proposed earlier
by Cowley and Moodie [7]. Since then, the multislice approach
evolved into the most practical approach for the simulation of
transmission electron microscopy (TEM) and STEM images and is
widely applied today for the analysis of experimental (S)TEM im-
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ages [2]. A brief description of the multislice algorithm is given in
Section 2.
Although the basic algorithm of the multislice method is relatively simple and can be carried out very eﬃciently using highly
optimized discrete fourier transform (DFT) packages [1], a typical STEM image simulation is still computationally demanding: For
each lateral scan position of the focused electron probe, the full
interaction between the incident electron wave and the specimen
has to be simulated. For instance, modeling a STEM image with
only 128 pixels × 128 pixels scan points requires more than 16k
multislice simulations. This number grows signiﬁcantly when taking into account thermal diffuse scattering (TDS) by applying the
frozen lattice approximation [8] (see Section 2), requiring all simulations to be repeated a number of times with thermally displaced
atomic positions. In order to further account for chromatic aberrations one needs to average over multiple probe defoci [9–12], each
of which requires another repetition of the complete set of simulations. For typical values of 10 frozen lattice conﬁgurations (the necessary number for convergence depends on sample thickness) and
a defocus series consisting of 7 defocus values, the total number
of multislice simulations required for the 128 pixels× 128 pixels
STEM image easily exceeds one million. Needless to say, systematic
parameter variations or simulations of larger supercell sizes further
drastically increase the computational demand.
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Although there are many existing implementations of the multislice algorithm for the simulation of STEM images [1,13–23], almost all of them are designed for desktop computers with a single or very few processors or don’t comply with common parallelization standards and are therefore not suited for realistic largescale simulations, parameter sweeps, or iterative optimization. Particularly surprising is the lack of a freely available code for massive parallelization on high-performance computing (HPC) clusters,
even though the many necessary multislice simulations for a single STEM image are independent from each other and therefore
perfectly suited for eﬃcient parallelization.
In this article we present STEMsalabim, a new implementation
of the multislice algorithm that is built speciﬁcally for concurrent
calculations on many computing nodes. The package uses a combination of the message passing interface (MPI) and (POSIX) threads
for eﬃcient parallelization while maintaining a small memory
footprint, a feature that is not present in existing software packages but crucial for the simulation of large images. STEMsalabim
supports TDS via the frozen lattice approximation [8], is able to
simulate chromatic aberrations by means of defocus series [9–
12], and implements lens aberrations of focused electron beams in
STEM up to ﬁfth order [24].
In Section 2 we summarize the multislice frozen lattice algorithm as implemented in STEMsalabim and give implementation
details. Simulation results and comparison with experimental images are shown in Section 3, benchmarks and parallel scaling behaviour of the package are summarized in Section 4. Conclusions
and acknowledgements are given in Section 5 and acknowledgement.
2. Algorithm and implementation
STEMsalabim implements the standard multislice algorithm as
explained in great detail in the book of Kirkland [1]. In this approximation, the supercell is divided into slices of some thickness
dz perpendicular to the direction of the electron beam z. Passing
through a slice, the electronic wave function is ﬁrst modiﬁed by interaction with the 2D projected potential of the slice’s atoms, and
is then propagated by a Fresnel propagator through empty space
of thickness dz. This process is repeated for all slices in the supercell. Afterwards, the wave intensity is integrated and collected
over some momentum range to simulate an HAADF ring detector.
The multislice algorithm is repeated for each scan position of the
incident focused electron probe, for varying atomic positions in order to resemble TDS, and for different defocus values to account
for chromatic aberrations.
2.1. Multislice method
Let us brieﬂy repeat the most important equations required for
the multislice method as described by Kirkland [1].
The supercell is split into N consecutive slices of thickness dz
perpendicular to the beam direction z. The projected potential vs (x,
y) for each slice s is evaluated as the cumulative atomic potential
of all atoms i in the slice:

vs (x, y ) =



Vi (x − xi , y − yi , z )dz .

(1)

i

The atomic potentials Vi (|r| ) for the elements i are calculated from
the atomic scattering amplitudes fi (k ) by employing the ﬁrst Born
approximation





Vi (|r| ) ∝ F −1 fi (k ) ,

(2)

where F −1 is the inverse fourier transform. The scattering amplitudes fi (k ) can be parametrized following Ref. [1] using tabulated

values for the element speciﬁc parameters ai, j , bi, j , ci, j , and di, j :

fi (k ) =

3

j=1


ai, j
+
ci, j exp(−di, j |k|2 ) .
|k|2 + bi, j
3

(3)

j=1

Note, that ﬁnding correct parametrizations of electron and X-ray
scattering factors for a wide angle range is a ﬁeld of research itself.
With STEMsalabim, we stick to the parameters tabulated in Ref.
[1], which are mostly based on the parametrizations published by
Doyle and Turner [25] and Doyle and Cowley [26] but with a different basis (Lorentzian and Gaussian as opposed to the Gaussianonly basis of Doyle and Turner [25]). We are aware of more sophisticated ways to parametrize the scattering factors [27] and are
considering them for future versions of the package. However, the
one of Kirkland [1] works quite well and yields the same results as
the STEMsim software [13].
From the slice potential given in Eq. (1), a weak phase object
can be calculated for each of the N slices as

ts (x, y ) = exp[iσ vs (x, y )],

(4)

with the interaction parameter

σ=

2 π γ m 0 eλ
.
h2

(5)

Here, m0 is the rest mass and e the charge of an electron, γ is the
Lorentz factor, and h is Planck’s constant. ts (x, y) is often referred
to as the slice’s transmission function. After the electron wave is
modiﬁed by the transmission function, it is propagated to the next
slice by applying a Fresnel propagator

p(kx , ky , dz ) = exp[−iπ |k|2 λdz]

(6)

given in frequency space.
With Eqs. (4), 6, the total interaction between an incident wave
function  s (x, y) and slice s is given by

s+1 (x, y ) = F −1 { p(kx , ky , dz )F [ts (x, y )s (x, y )]},

(7)

which is iteratively applied for all slices of the supercell until the
wave hits the detector (i.e., until the last layer of the supercell was
passed).
The incident probe wave function  0 (x, y) for a focused electron beam resting at the scan position (xp , yp ) is given by

0 (x, y, x p , y p ) = BF −1 (A(kx , ky ) exp[−iχ (kx , ky )
+ 2 π i ( k x x p + k y y p )] ) ,

(8)

with a normalization constant B, the aperture function A(kx , ky ),
and the aberration phase error χ (kx , ky ). The aperture function
A(kx , ky ) is unity for all λ|k| < α max and zero outside, with α max
being the maximal angle of the objective aperture. The aberration
phase error χ (k ) is given by

χ ( kx , ky ) =


π α2 
1
1
− f + Ca cos(2φ − 2φa ) + Cs α 2 + C5 α 4 .
λ
2
3
(9)

In Eq. (9), α = λ|k| is the polar angle, φ the azimuthal angle, and
δ f, Ca , φ a , Cs , C5 are the aberration coeﬃcients defocus, two-fold
astigmatism, two-fold astigmatism azimuthal angle, and spherical
aberrations in third- and ﬁfth-order, respectively.
Note, that both the transmission functions ts (x, y) as well as the
atomic potentials vs (x, y) should be symmetrically bandwidth limited to min (kx, max , ky, max ) in order to ensure cylindrical symmetry
inherent to electron microscopes [1].
2.2. Algorithm
The multislice method as outlined above yields the probe wave
function after interaction with the supercell for a single lateral
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probe position (xp , yp ) and a single conﬁguration of atomic coordinates ri . In order to simulate a full STEM image, this simulation needs to be repeated for the probe position at all scan points,
for varying atomic coordinates in order to account for TDS in the
frozen lattice approximation, and for different defoci
f of the
probe (see Eq. (9)) to include chromatic aberrations. The full algorithm is then as follows:
1. Displace atomic coordinates randomly following a Gaussian
probability distribution (Einstein solid) to include TDS.
2. Divide the sample into N slices of thickness dz and calculate
transmission functions ts (x, y) using Eqs. (2) and (4).
3. Generate the probe wave function  0 (x, y, xp , yp ) with Eq. (8).
4. For each slice s, calculate s+1 ← s by applying Eq. (7).
5. Integrate | | for the appropriate angle range to simulate the
HAADF detector.
6. Repeat steps 3–5 for each scan point (xp , yp ).
7. Repeat steps 1–6 for each frozen lattice conﬁguration.
8. Repeat steps 1–7 for the each defocus f of the defocus series
to model chromatic aberrations.
9. Appropriately average over frozen lattice conﬁgurations and defoci.

2.3. Implementation details
As shown in the introduction, a realistic STEM image simulation easily requires millions of single multislice simulations. Luckily, by parallelization and by reusing precalculated objects, one
can reduce the computational demand signiﬁcantly. In this section, we discuss some implementation details regarding MPI and
threaded parallelization and a few caching mechanisms that are
implemented in STEMsalabim.
The principle interaction between the supercell and the wave
function  (x, y) is via each slice’s transmission function ts (x, y) as
described in Eq. (7), which, in turn, is built from the involved elements’ atomic potentials Vi (|r| ) via Eq. (1). While the atomic coordinates change between frozen lattice conﬁgurations and between
slices, the atomic potentials need to be calculated only once for
the distances |r| < rcut . Therefore, it is good practice to precalculate and cache Vi (|r| ) for all elements involved in the simulation.
The same holds true for the Fresnel propagator from Eq. (6), as it
is constant as long as the slice thickness dz is kept unchanged.
The transmission function ts (x, y) for each slice s can be cached
and reused within the same frozen lattice conﬁguration for all
STEM probe positions (xp , yp ), since the slice potentials depend
solely on the atomic coordinates. This requires the loop over probe
positions to be carried out within the loop over frozen lattice conﬁgurations, as indicated in the algorithm in Section 2.2. Note, that
caching the complex valued discretized transmission functions for
all slices requires signiﬁcant amounts of memory when calculating
large lateral scan areas and/or thick supercells.
In principle, the transmission functions could be reused also for
different defocus values f when simulating a defocus series, as
these only inﬂuence the probe wave function  0 given by Eq. (8).
However, it proved useful to generate a new set of conﬁgurations
for each defocus value for convergence of the frozen lattice TDS
method. (We consider a simulation as converged when the intensity differences between identical atomic columns become suﬃciently small.) Generating new coordinates for each defocus allows
signiﬁcant reduction of required frozen lattice conﬁguration to average over.
As mentioned above, most of the multislice iterations required
for a full STEM image simulation are independent from each other
and can therefore be parallelized very eﬃciently. In STEMsalabim,
we opted for a hybrid parallelization scheme using MPI for com-
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munication between machines and a shared-memory threading architecture for parallelization within one machine. This scheme has
some important beneﬁts over pure MPI or threaded parallelization and is often applied for memory critical software [28]. First of
all, message passing (MPI) allows us to parallelize across computers, which is crucial for running the program on highly concurrent
HPC clusters. Using threads instead of MPI processes for concurrency within one machine greatly reduces the required memory,
as the same set of transmission functions ts (x, y) can be used via
shared memory for parallel multislice simulations. Moreover, the
transmission functions for all slices can be calculated in parallel
without the need of communicating large chunks of data between
MPI processes, which is beneﬁcial for performance. Second of all,
reducing the number of involved MPI processes also reduces network activity when reporting simulation results to the MPI master
process. Instead, result packages are gathered on each machine independently and are then passed to the master process as a single
chunk of data for post-processing and input/output (I/O).
The basic steps of the parallel STEM image simulation as carried
out by STEMsalabim, complementary to the algorithm Section 2.2,
are as follows:
1. The master MPI process reads in atomic coordinates, randomly
generates frozen lattice conﬁgurations and communicates the
coordinates to the other MPI processes.
2. Each worker MPI process slices the specimen and calculates and
caches atomic potentials Vi (x, y), transmission functions ts (x, y),
and the Fresnel propagator p(kx , ky , dz).
3. Each worker MPI process queries the master for a work package of some probe positions (xp , yp ), carries out the multislice
calculations concurrently by threaded parallelization, and sends
the packaged results back to the MPI master. This is repeated
until all probe scan points (xp , yp ) are processed.
4. Steps 1 - 3 are repeated for all frozen lattice conﬁgurations and
defocus values f.
All processing of results, management of the queue of multislice
simulations, and all I/O is carried out by the main thread of the
master MPI process to prevent race conditions. The precision of all
calculations can be chosen as single or double, depending on the
desired level of accuracy.
Since the multislice method essentially consists only of a series of products and convolutions of discretized complex-valued
wave functions, the bottle neck of the simulation are the forward
and inverse fourier transforms. Fortunately, highly optimized implementations of the fast fourier transform (FFT) exist, that are the
working horses of the STEM image simulations. The FFTs in STEMsalabim are carried out by the widely-applied FFTW library. While
FFTW is written to run on conventional central processing units
(CPUs), it would be easy to replace it with FFT codes that are capable of running on graphics processing units (GPUs), which would
result in additional signiﬁcant performance gain [14].
The input for a simulation with STEMsalabim consists of two
ﬁles: One ﬁle describes the cell dimensions and contains (equilibrium) positions, elements and mean square displacements of all
atoms present in the supercell. The second ﬁle contains all necessary conﬁguration values for the simulation, e.g., characteristics
of the microscope and detector, output ﬁle name, etc. Some conﬁguration values can be overridden via command line parameters
upon execution of the program.
Simulation results are stored as binary data using NetCDF,
which is based on the HDF5 library. This has several advantages
over the usual approach of storing data in structured ASCII ﬁles.
First, the data volume is much smaller due to binary storage and
is further compressed by HDF5. This is particularly useful for STEM
image simulations where the amount of data produced in simulations can be large. Second, all results, simulation parameters, and
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runtime information can be stored in a single result ﬁle, which
is a much more portable approach than distributed ASCII ﬁles.
Third, NetCDF/HDF5 bindings exist for all popular programming
languages (MATLAB, for example, ships functions for reading binary HDF5 data) and data can be read selectively from the ﬁle,
avoiding large memory requirements when processing big output
ﬁles.
Other libraries used by STEMsalabim include libConﬁg for reading in simulation parameters, various of the Boost C++ libraries
for utility functions, and CMake for the build process.
STEMsalabim is written in modern C++ using features of the
latest language standards C++11 and C++14. The target platforms
of the package are Unix based systems, however, it should work
just as well on Microsoft Windows operating systems. The package
can be used with both OpenMPI and Intel MPI implementations.
Compilation was successfully tested with the GNU Compiler Collection (GCC), LLVM clang, and the Intel Compiler Collection (ICC).

a)

b)

0.10
0.08
0.06

0.5 nm

c)

0K sample
300K sample

3. Results and comparisons
Correctness of images simulated with our package was checked
and conﬁrmed by comparison to the well-established STEMsim
code [13]. In what follows, we showcase a few examplary STEM
image simulations carried out with STEMsalabim and compare
some of the results to experimentally obtained images. The chosen
examples show the necessity of TDS, chromatic aberrations, and
large lateral supercell sizes in order to reach suﬃcient accuracy in
the simulated images. Runtimes and performance of the simulations are discussed in Section 4.
All shown simulations were simulated with an acceleration
voltage of 200 kV, a numerical aperture of 24 mrad, and spherical
aberration coeﬃcients Cs = 2 μm and C5 = 5 mm. These parameters
are chosen to match our microscope (JEOL JEM 2200). As astigmatism is corrected, it was disabled in the simulations. The detector
angle range used to generate the micrographs was in all cases 74
mrad to 174 mrad.
3.1. GaP at 0K and room temperature
Let us start with a simple image simulation of pure gallium
phosphide (GaP), at T = 0K (i.e., all atoms rest at their equilibrium
lattice positions) and at room temperature (T = 300 K, by including TDS via the frozen lattice approximation). By comparison of the
two simulations we show the signiﬁcant effects that TDS have on
STEM images.
The simulated STEM images for the integrated detector angle
range 72 mrad to 172 mrad are shown in Fig. 1(a) and (b), their dependences on detector angle α = |k|λ is plotted in (c), along with
the theoretical positions of the nine ﬁrst higher order Laue zone
(HOLZ) peaks. For both temperatures, a series of 7 defocus values
distributed around f = −2 nm was calculated and averaged, similar to Refs. [12,29]. The simulated supercell had a lateral size of 9
× 9 unit cells, of which the center square of 3 × 3 unit cells was
chosen as scanning area, and a thickness of about 50 nm. For the
300 K simulation, TDS was taken into account by calculating and
averaging 15 conﬁgurations of atomic positions, according to the
Einstein approximation.
It is clearly visible that including TDS smears out the atomic
columns and reduces collected intensity. The homogeneous brightness and shape of the atomic columns indicates suﬃciently large
number of frozen lattice conﬁgurations for TDS. The intensity dependence on detector angle α in the diffraction plane of the images, shown in Fig. 1(c), exhibits a clear signature of the HOLZ
peaks at their expected positions for the 0K sample. The ﬁrst order Laue zone (FOLZ) is still visible as a small hump in the curve of
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200

250

300

Detector angle [mrad]
Fig. 1. Simulated gallium phosphide (GaP) STEM images at zero (a) and room temperature (b), beam direction [001]. The simulated scanning area was 3 × 3 unit
cells, part of which is cropped in the upper ﬁgures. The dependences of the images
on the detector angle (α = |k|λ) are shown in (c), with the expected positions of
the higher order Laue zone (HOLZ) peaks up to 9th order marked by dotted vertical
lines. Intensity values are displayed as fraction of impinging beam.

the 300 K sample. While the intensity of the former is almost exclusively collected at the HOLZ reﬂections, the latter sample shows
a smooth, decaying angular dependence over the whole detector
angle range.
Note, that the used number of 15 frozen lattice conﬁgurations
per each of the 7 defoci results in 105 independent vibration conﬁgurations of the atomic positions. The homogeneity of the shape
and intensity of the atomic columns indicates that generating new
frozen lattice conﬁgurations for each defocus reduces the number
of necessary conﬁgurations for a single defocus, as 15 conﬁgurations are usually not enough for convergence.

3.2. GaAsBi simulation in comparison to experiment
In Fig. 2, we show a STEM image of an approximately 32 nm
thick gallium arsenide bismide (GaAsBi) sample with a bismuth
(Bi) concentration of 4.8%, taken in a JEOL JEM 2200 TEM operating
at 200 kV. A simulated GaAsBi image with equal sample and microscope parameters is shown in an overlay. The atomic positions
of the supercell were relaxed prior to the simulation by valence
force ﬁeld (VFF) methods [30]. A series of 7 defoci with 10 frozen
lattice conﬁgurations each was calculated to obtain the simulation
results.
The excellent agreement between the images, both qualitatively
and regarding background, group III, and group V intensities, is
only possible by including chromatic aberrations. The group V
columns with ﬁnite Bi content are nicely visible as bright spots
in both results, with correct relative intensities to columns without Bi. Both the experimental and the simulated image are shown
with the same colorbar, with intensities given in fractions of the
impinging electron beam. The main differences left between experimental and simulated image are ﬂy-back errors of the scanning
microscope, that manifest as horizontal distortions in the experimental STEM image.
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tural phenomena on the scale of several nanometers, the calculations of large supercells is inevitable, for which eﬃcient and wellparallelized software packages are required.

4. Benchmarks and scaling behaviour

Fig. 2. (a) Experimentally obtained STEM image of an approximately 32 nm thin
gallium arsenide (GaAs) sample with 4.8% bismuth (Bi). A corresponding sample
simulated with STEMsalabim is shown as an overlay framed by a dotted, white line.
Intensity values are displayed as fraction of impinging beam. In (b), diagonal line
scans over both the simulated and experimentally obtained image are shown. The
group III and group V peaks are clearly visible and exhibit quantitative agreement.

Fig. 3. STEM image simulation of a GaP/gallium arsenide (GaAs) heterojunction. The
supercell dimensions were 55.88 nm × 1.37 nm × 24.68 nm in x, y, and beam direction, respectively. Scanning in y direction was conﬁned to only 60% of the sample
size to rule out boundary effects. The simulated image is continued periodically to
ﬁve times its original size in y direction. The original supercell is framed by a red
box. Below the image simulation, the intensity of the group III columns across the
interface is plotted. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

3.3. Large simulation of GaP/GaAs heterojunction
A third example is displayed in Fig. 3, a simulation of a heterojunction between GaP and gallium arsenide (GaAs). The supercell
morphology was relaxed prior to the simulation by means of ﬁnite element (FE) simulation in order to include lattice mismatch
effects between the two materials. STEM image simulations allow
for tracing the group III and V column intensity across the junction and thereby relate intensity to interface relaxation. In Fig. 3,
the intensity on group III columns across the junction is plotted
below the simulated STEM image.
It is clear from the plot, that a reduction of the group III
intensity in the GaP bulk of up to 25% is induced by the lattice mismatch. The intensity recovers to its GaP bulk value more
than 15 nm away from the junction, clearly showing the longrange nature of such effects. Especially for interfaces and struc-

The example simulations shown above were of very different complexity. Let us here brieﬂy discuss the performance of
the small GaP supercell (Fig. 1) and the GaP/GaAs heterojunction
shown in Fig. 3. We will also show, how STEMsalabim scales with
increasing number of computation cores.
As hinted in Section 1, the number of individual multislice simulations grows with number of frozen lattice conﬁgurations to account for TDS and required defocus values f for inclusion of chromatic aberration effects. The performance of a single multislice
simulation depends linearly on the number of slices and on the
size N × M of the k- and real-space grid1 , on which all wave functions are discretized.
The 300 K GaP simulation shown in Fig. 1 had a supercell size
of 9 × 9 × 92 unit cells. As the slice thickness dz was chosen to
match the length of one unit cell (which is a reasonable thickness
for [001] beam directions in crystals), the sample was split into 92
slices. A grid density of 360 nm−1 was used, resulting in a grid size
of 1766 × 1766. A total of 65 × 65 probe positions were simulated
(the scanning area was a center square of 3 × 3 unit cells), requiring an overall number of about 443 k multislice simulations for
the room temperature simulation (15 frozen lattice conﬁgurations
for each of the 7 defocus values). The simulation was carried out in
parallel on 7 × 96 computation cores with a clock speed of 2.3 GHz
each and ﬁnished within a runtime of approximately 20 h. All wave
functions of the simulation were single precision complex-valued
matrices of size 1766 × 1766. As the transmission functions ts (x,
y) of all slices are cached (see Section 2.2), the required memory
per machine involved in the computation was about 2.2 GB. The
majority of simulation time is spent calculating (inverse) fourier
transforms, of which for the GaP example more than 50 million
are required.
The GaP simulation discussed above is small enough to still run
in reasonable time on a desktop computer. In contrast, this becomes almost impossible for the heterojunction shown in Fig. 3.
Here, a grid of size 20118 × 492 was used, resulting in much more
expensive fourier transforms. The number of scan points calculated
was 2012 × 29 and the sample was split into 46 slices. In total,
including TDS and defocus series, over 4 million multislice simulations were executed, with required memory of about 5 GB per MPI
process. The simulation ﬁnished within 4 days and 10 h running in
parallel on 7 × 256 2.3 GHz CPUs.
As mentioned before, frozen lattice multislice simulations are
parallelizable very eﬃciently, because the individual multislice
simulations are independent from each other. The scaling behaviour with increasing number of processors should therefore be
close to linear until the managing master process (I/O or postprocessing) becomes the bottle neck of the simulation. We checked
the scaling behaviour of STEMsalabim by plotting runtime against
number of processing units for single and double precision calculations. The results are displayed in Fig. 4. It is clearly visible that
the speedup with increasing number of worker processors is linear,
which is the desired behaviour. Double precision calculations are
considerably slower than single precision, which is due to slower
double precision FFTs.

1
The precise scaling of the FFTs is governed by the FFT library used and usually
depends on how well N and M can be factorized.
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Fig. 4. Speedup relative to a single precision calculation on 16 processors for single
and double precision calculations up to 128 processors.

5. Conclusion
We have presented a new implementation of the multislice algorithm for STEM image simulations, including chromatic aberrations via defocus series and TDS via the frozen lattice approximation, that is written speciﬁcally to run on highly parallelized HPC
clusters. We brieﬂy repeated the multislice algorithm and its implementation in Sections 2 and 2.2 and showed example calculations in Section 3. Performance, memory requirements, and scaling
with number of processors was brieﬂy discussed in Section 4. We
have shown that our code runs successfully in parallel on computing clusters and have shown its computer time and memory
eﬃciency. We have also shown, that the code scales well with increasing number of processors taking part in the simulations.
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